1-Introduction
With increasing demands on energy efficiency, making use of low grade waste heat using vapour absorption refrigeration systems (VARS) is receiving renewed interest; Sun et al. [1] provides an extensive review of the various working fluids for absorption refrigeration, where acetone and zinc bromide operate at the lowest boiler temperatures. These materials work with low temperature heat sources [2] , much lower than most common binary fluid systems (e.g. NH3/H2O & H2O/LiBr), in the order of 10s of C above ambient. There is a large body of research focused on nanofluids, which are defined as a base fluid with particles in nanoscale (<100nm) since 'nanofluid' was first termed by Choi and Eastman [3] . It is well known that enhancement of heat transfer is possible and vehicle engine coolant heat exchangers, with either water (H2O) or ethylene glycol (EG), in particular, have received some attention in the area.
The effect and mode of action of nanofluid on heat transfer appears to be flow situation specific. Wen and Ding [4] stated that the improvement of heat transfer of spherical Al2O3-water nanofluids might be caused by the particle movement due to viscosity and Brownian motion. They claimed that particle movement generates a non-uniform thermal conductivity performance which results in a higher Nusselt number. Hwang et al. [5] argued that it is caused by nano-particle migration toward the centre of the channel which generates a random velocity caused by a non-uniform viscosity. Wen and Ding [6] and Hwang et al. [5] state that most heat transfer enhancement for Al2O3-water nanofluids occurs in the developing region of the flow.
Ding et al. and Garg et al. [7, 8] explained the mechanism of improved heat transfer for carbon nano-tube (CNT) nanofluid by a three dimensional web of nanotubes with heat transferred within the nanotubes, which has a much higher thermal conductivity than the base fluid. Ding et al. [7] reported for carbon nano-tube (CNT) and water (0.5 wt. % of CNT) nanofluid a heat transfer enhancement of 350%. Garg et al. [8] and Lao and Liu [9] reported much lower local heat transfer coefficient enhancements for CNT nanofluids when they used a higher solid concentration.
Some researchers try to develop the nanofluid to enhance the heat transfer. In two separate studies [10, 11] Takabi and his groups numerically studies the effect of the hybrid nanofluid (two or more types of nanoparticle in form of mixture or composite suspend in a basefluid [12] ) which presented by Al2O3 -Cu / H2O on the heat transfer in the uniform heated circular tube for turbulent and laminar regimes. They found that the heat transfer improved for the hybrid nanofluid more than the pure water or Al2O3 / H2O. in the laminar case, which studied in [10] the Nu which present the heat transfer enhanced by 7.2 % for the hybrid nanofluid compared with the base fluid. However, in [11] which involved with the turbulent flow with the wide range of Re (10 4 -10 5 ) and volume fraction of the nanoparticles (0 -2 %) they confirm that the maximum improvement in the Nu reaches to 32.02 % in the Hybrid nanofluid compared with the pure fluid.
Some researchers [13] [14] [15] reported that heat transfer in nanofluids can be modelled using classical correlations (based on Maxwell) for single-phase fluids with adjustment for properties with the nano-particles. Others stated that the heat transfer behaviour obeys a two phase model with variation due to concentration of nano-particles varying in the flow. There is a debate in the literature about which analysis provides a better prediction.
Utomo et al. [16] investigated the heat transfer coefficient arising from alumina, titania and CNT nanofluids. They found that the addition of nanoparticles to liquids enhances the heat transfer coefficients by no more than 10% at a constant turbulent velocity. They state nanofluids behaved as homogenous mixtures with experimental Nusselt numbers following classical relations developed for the single-phase approach, modified for the mean nano-particle concentration, being accurate to within ±10%; this uncertainty is explained by movement of nanoparticles due to Brownian motion and viscosity gradient due to concentration, with non-uniform shear rate having insignificant effect on heat transfer. Similar uncertainty was found for metal oxide nanofluids [17] and for CNT nano-fluids [9] .
Pantzali et al. [18] investigated a nanofluid of 4 Vol. % CuO in H2O numerically and experimentally using a laminar flow on a plate heat exchanger. They found that the flow rate of the nanofluid required for a particular heat transfer rate was lower than the base fluid. Jafari and his group [19] numerically investigated the heat transfer enhancement for the laminar and mix convection in a cavity used with Cu / H2O nanofluid. They confirmed that the Grashof and Reynold Numbers have a great impact on improving the Nu and they stated that with increasing in the nanoparticles, the heat transfer is enhanced and it becomes more effective with a high Grashof numbers.
A two dimensional single phase CFD model was numerically studied by Demir et al [20] using Al2O3 and TiO2 in water nanofluid in a horizontal pipe heat exchanger. They found that the heat transfer increased with the concentration of nanoparticles. Goktepe et al. [21] studied the single and the two phase models for nanofluid inside a uniformly heated tube. They found that the convective heat transfer coefficient is more correctly predicted with a two phase model than the single phase.
Amoura et al. [22] Peyghambarzadeh et. al [28] experimentally studied heat transfer in a car radiator using H2O/EG mixed with different amounts of aluminium oxide Al2O3 nanoparticles. They found that the nanofluid enhanced the heat transfer 40% more than the base fluid. Delavari and Hashemabadi [27] presented a CFD model of the heat transfer of the Al2O3/H2O and Al2O3/EG nanofluid in the same situation, testing the validity of the single phase and two phase models against experimental results of Peyghambarzadeh et. al [28] concluding that only the two phase model gives good representation of the physical system. They found the Nusselt Number increased by a factor of two by adding 1% Al2O3 to water.
In order to provide validation for the numerical simulations, the case of Peyghambarzadeh et.
al [28] is numerically repeated to prove the method works in our context. We then apply the same method with our alternative nano-fluid to evaluate its potential for use in a vapour absorption cycle.
2-Geometry and assumptions
The geometrical arrangement in Figure 1 , is a flat tube with 31 cm length and 0.53 cm hydraulic diameter.
The system is closed, the nanofluid is incompressible, it is at steady state and under
Newtonian flow [27] ; evaporation of the acetone is neglected; density of the solution is constant under different pressures; the temperature and inlet velocity is constant; thermal equilibrium is assumed between the base fluid and the nanoparticles; the entering velocities of the fluid and the particles are the same. According to the length of the channel (0.31 m) and the average velocities of the solution (1.5 -6 m/s) the average time, for the solution to pass through end to end is between (0.05 -0.2 s).
3-Nano-fluid properties
The proposed nanofluid ZnO -acetone / ZnBr2 (50 wt. % ZnBr2) was prepared in a laboratory (SDS) and Polyvinyl alcohol (PVA)). These surfactants had no effect on the sedimentation time of nanoparticles in acetone / ZnBr2, separating readily from the base fluid, and the experiments were conducted with no further attempt at suspension enhancement other than the mechanical means described. . This technique to find the viscosity of the cloud of nanoparticles in the fluid as used by [35] , however [27, 28] are used a different strategy to find the viscosity of the nanoparticles using trial and error; the viscosity of the nanoparticles was varied until the pressure drop and Nusselt number of the very dilute nanofluid, pure ethylene glycol at Re=2440, and pure water at Re=9350, were equal. We confirm that the methods are equivalent in effect.
5-Boundary condition for the novel refrigerant simulation
Initially a validation exercise was conducted, repeating the method of Delavari and
Hashemabadi to prove correct application of the method, and following this the numerical calculation was done with laminar and turbulent flow conditions for the proposed nanofluid depending on the mass concentration of acetone. To keep the velocity of the fluid comparable to that used in the literature ( [27, 28] ), Reynolds number was taken in four ranges as shown in Table 1 . Table 1 . Reynold number at a different mass fraction of acetone.
Ac. Mass fraction 30% 40% 50% 60% 70%
Re 150-300 1500-3000 5000-10000 15000-25000 15000-25000
The temperature of the inlet flowing nanofluid is 323 K, the turbulence intensity is in the order of 10%, depending on a calculated value, and the hydraulic diameter is 0.53 cm. A convection boundary condition was assumed for the wall from outside with the heat transfer coefficient at the wall specified as 150 W/m 2 K and the external air temperature as 303 K.
6-Results and discussion

6.1-Justification of mesh structure
The commercial code Ansys® Fluent is used to simulate this flow situation using the EulerianEulerian method (mixture model). Four mesh sizes were selected in order to achieve a minimum number of cells with accurate results. The meshes were compared by the heat transfer coefficient on the wall using 50 wt. % acetone/zinc bromide with a turbulent flow (Re=8000). The results shown in table 2 were very similar especially for meshes (2, 3 and 4) but because meshes 3 & 4 have more nodes, and therefore lengthier simulation, the best mesh regarding accuracy and time was mesh 2 as shown in Figure 3 . The computer used has processer 3.7 GHz (Intel® Xeon® CPU E5-1620 v2 @ 3.7GHz) with the memory (RAM) 32 GB.
6.2-Validation of the CFD Modelling
To validate the accuracy of this model, the experimental data of the heat transfer improvement using water based nanofluid (Al2O3 / H2O) as a coolant in a car radiator which presented by Peyghambarzadeh et al. [28] was compared to corresponding the current numerical results.
Peyghambarzadeh et al. conducted uncertainty analysis for their experiments depending on the single sample uncertainty zeroth order (defining as fixed and random errors presented just by the instrumentation, with no contribution from the process) analysis method for each measurement, which is described by Moffat [36] . They state that the uncertainty of the Nu (18% 24<Nu<120) caused by the error Re (5.5% 1200<Re<23000) and the measured temperature. Furthermore, they compared their experimental Nu with the correlation of Xuan and Li [37] and they found a good agreement presented by 7% (vertical bar) error for the nanofluid Al2O3 / H2O as shown in figure (4) . The figure also shows how the 18% error of the measured Nu appears on the graph as the horizontal bar. The validation of the simulation work with an experimental work has been done previously in many studies, such as the validations in [27, 38] . In our work, the same geometry of Peyghambarzadeh et al [28] is built in Ansys® Fluent and the same boundary conditions and properties of the nanofluid are applied on the numerical model (using the method described above) as in the physical experiment. The results of enhancement of Nusselt number as a function of the volume fraction, and of Nusselt number as a function of the flow rate show an acceptable agreement with the previous experimental work as shown in Figure 5 . Figure 5a shows the relation of enhancement of Nu with nano-particle concentration at Re of 13800 and 23000 and inlet temperature of 308 K. It shows at most a 4 % discrepancy between the experimental and the numerical work. Figure 5b shows Nu as a function of flow rate at the nanoparticle volume fraction of 1 % in both experimental (previous work) and CFD (current work), with maximum difference between the experiment and numerical results of 9 %. The difference could be caused by some factors such as particle size, which effect on the viscosity, temperature dependant properties and the Brownian motion of the particles which effect on the thermal conductivity [38] [39] [40] . Comparison between the experimental Nu from [28] and the predicted Nu from [37] . Horizontal error bars are experimental uncertainty (18%) [28] ; vertical error bars are error of analytical prediction (7%) [37] . This figure is reproduced by permission from [28] .
6.3-Effects on the centreline velocity
To understand the behaviour of the velocity development along the tube and how the parameters affected it, a centreline velocity is analysed under the effects of the variation of the concentrations of both acetone and nanoparticles. This provides a reasonable representation of the variation of flow dynamics between the various cases. Centreline velocity is usually a maximum velocity in the pipe and it is greater than the average velocity. For example, for a laminar circular pipe flow, the maximum (centreline) velocity is equal to double the mean velocity and in the rectangular duct the maximum velocity is 1.5 of the average velocity [8] . According to the data collected from different cases in the present work the maximum velocities in the laminar and turbulent flow for all cases with all concentrations:
The centreline velocity has a development length and settles to a final constant value ( Figure   6 ). The centreline velocity decreases slightly by increasing the concentration of the nanoparticles as shown in Figure 7 due to increasing density of the nanofluid. Increasing acetone decreases the density, but the viscosity drops significantly, for example, it drops from 1.29 mPa.s to 0.63 mPa.s [2] , when the mass fraction of acetone increases from 60wt. % to 70wt. % and the shape of the centreline velocity profile is correspondingly more uniform along the length ( Figure 6 ). Thus although decreasing density implies high velocity, the viscosity increase flattens the velocity profile. 
6.4-Effects on the wall shear stress and skin friction
The average Y plus (y + ) at the tube wall (for the case Re=8000, acetone concentration =50 wt.
% & nanoparticles concentration= 0.5 vol. %) was measured. Enhanced wall treatment was implemented in the turbulent flow simulation, which should produce a y+ value equal to one. The average y + at the tube wall is 8.1 for the curve edge of the wall (semi-circular wall) and 0.98 for the flat wall. The good agreement with the existing results, shows that the application of the method in our case is reliably repeated.
The magnitude of the wall shear stress, and the skin friction coefficient describe the heat transfer by virtue of the Reynolds analogy, . The effect of the acetone mass fraction on the wall shear stress is illustrated in Figure 8a and Figure 7b shows variation with Re. Figure 8b shows that the effect of the nanoparticles concentration is indiscernible on the wall shear stress. Acetone concentration has a significant effect due to viscosity, especially below 40% concentration. Figure 8c shows that the skin friction decreases with increasing acetone mass fraction. It also illustrates that the skin friction decreases slightly with increasing the volume fraction of nanoparticles.
This will change with reducing the acetone concentration and the Reynolds number to less than 60%
and 15000 respectively, in this range the skin friction increases with increasing volume fraction of ZnO (Figure 8d ). This result partially contradicts the result of Delavari and Hashemabadi [27] who state that the skin friction only increases as the nanoparticles volume fraction increases. For a high Re (low viscosity, e.g. 60-70 wt. % acetone) particles cause a lower skin friction; this may be explained by decreased interaction of particles, which are carried by the convective stream of fluid, in the steep velocity gradient boundary layer. However, for the low Re (high viscosity) like water in Delavari and
Hashemabadi study [27] and for the 40 -50 wt. % acetone case, the behaviour of the particles near to the surface may be different due to the less steep velocity gradient giving more time for particle interaction. Figure 9a shows that the heat transfer increases with Reynolds number, as expected. Figure   9b shows the enhancement of average heat transfer coefficient related to the concentration of nanoparticles: for acetone mass fraction 50% the enhancement of the heat transfer coefficient can reach 180% of the original base fluid value and this type of behaviour is confirmed by previous studies [24, 27, 41] .
6.5-Effect on the heat transfer coefficient
As shown in Figure 9c the heat transfer coefficient increases with acetone fraction and velocity for 1% nanoparticle volume concentration; with a low concentration of acetone (for example 30 wt. %) the density and the viscosity of the fluid are very high (2617 kg/m 3 and 263.3 mPa.s [2] ), nanofluid motion is restricted and the heat transfer is poor, especially for low temperature conditions.
The Nusselt number increases with particle volume fraction and the Nusselt number of the C3H6O (acetone)/ZnO for acetone greater than 50% by mass, is greater than that of the H2O/Al2O3 used by [27] for the same volume fraction and Re as shown in Figure 9d . 
7-Conclusion
Laminar and turbulent mixed convection of acetone/ZnBr2-ZnO nanofluid inside a flat tube were studied numerically using a two phase mixture approach. The validation of this work was confirmed by repeating a case for a nanofluid (Al2O3-H2O) which was used by the experimental work of Peyghambarzadeh [28] and a good agreement was found, demonstrating reliable implementation of the method. The main part of the study goes on to show that for the acetone-zinc bromide solution with ZnO nano-particles, the heat transfer increases with Re and concentration of both nanoparticles and acetone, as expected from the literature. The two phase method shows a strong effect of the nanoparticles on improving the heat transfer, which given the reliability of the method in the previous case of [27] , provides reasonable confidence in a positive outcome in the event of using the fluid in a heat transfer situation like the absorption refrigeration cycle.
Wall shear stress increases with increasing Re and decreases with increasing acetone concentration because the viscosity of the fluid decreases; it is not altered noticeably by changing the concentration of nanoparticles. Increased wall shear stress indicates improved heat transfer to the wall, therefore there is not a direct heat transfer benefit due to nano particles by the wall shear stress.
The behaviour of the skin friction depends on the concentration of acetone as well as Re as reflected in the wall stress. The effect of increasing concentration of nano-particles on the skin friction is significantly affected by acetone concentration and Re: the skin friction decreases with increasing concentration of nanoparticles at 70wt. % of acetone and Re of 20000, but it increases with increasing volume fraction of the nanoparticles at 60wt. % of acetone and Re of 15000. We suggest that this may be due to particle interaction increasing in the low Re velocity gradient, where there is increased interaction time as suggested in the formulation of nanoparticle cloud viscosity used. The overall performance of the solution with the nano-particles shows a promising enhancement for the heat transfer challenge of the vapour absorption refrigeration system, since an enhancement of up to 180% of basefluid can be achieved with only 1.5% volume fraction of particles. The concentration of the salt solution base fluid is a significant effector of heat transfer enhancement together with the nano-particles.
